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Alignment of helium excited by thin carbon foils* 
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(Received 7 July 1977) 
We have measured the linear polarization of the 5016-A, 2s 1S-3p  'P transition of He, excited by a thin 
carbon foil perpendicular to the incident He+ beam at ion energies 5G500 keV. We find that the alignment 
of the 3 p  'P  term depends upon the beam current density within the range (2-150 yAcm-2) measured. 
Oscillations in the dependence of both M / I  (the linear polarization fraction) upon energy and the current 
density variation of M / I  with energy are observed. We discuss possible origins of these variations. 
I. INTRODUCTION any theoretical model to  explain the origin of the 
alignment produced in the ion-foil interaction must 
The excitation of a toms  t ravers ing  thin foils has  a l s o  explain this  surpr i s ing  feature.  
f o r  s o m e  t ime  proved to be  a most useful tool in  the 
study of atomic s t ructure. '  Nonetheless, very lit-  11. EXPERLMENT 
t le  p rogress  has been made toward understanding Deterrllination of the alignment produced by the the details of the excitation process  itself.  Thus, ion-foil interaction was c a r r i e d  out by measuring despite the fact that alignment of a toms  t ravers ing  
the l inear  polarization fract ion (relat ive Stokes the foil has  been utilized in fine and hyperfine s t r u c -  
parameter2)  .W/I of the light emitted perpendicular t u r e  s tudies  f o r  a number of y e a r s , ' , '  even the o r -  
igin of this  alignment has not yet been clear ly e s -  to  the beam direction, where 
tabIished. '! The relat ive ro les  of bulk excitation and M / I  =(I , ,  - I,.)/(I,, + I l ) .  (1 1 
sur face  excitation3 have not c lear ly been delineat- 
ed; neither has the energy dependence of the align- 
ment produced been mapped in detail  a s  a function 
of incident beam energy except in one o r  two i so-  
lated  example^.^ The importance of sur face  in te r -  
actions was emphasized by a recent  s e r i e s  of ex-  
periments  with til ted foils.' Attempts to  under- 
stand these resu l t s  theoretically in t e r m s  of a 
bulk effect modified by a sur face  electr ic  field, 
interactions a t  the surface,  ' geometr ical  effects,  
and electron pickupg have a l l  failed t o  agree  with 
observation. 
Ions excited by passage through perpendicular 
foils p o s s e s s  cylindrical symmetry  of excitation 
and the dipole radiation emit ted can then be char -  
ac te r ized  by just two p a r a m e t e r s  f o r  each excited 
s tate:  the total light yield and a single alignment 
p a r a m e t e r .  In a n  effort t o  clarify the foil exci- 
tation mechanism, we have made measurements  
in  this  s impler  geometry. Variations of the light 
yield and alignment with foils of different mate r ia l s  
have been observed and a r e  described in a separa te  
paper.'' We show here that the alignment produced 
depends upon the beam cur ren t  density in a r e l a -  
tively complicated energy-dependent fashion. Thus 
I,, and I, a r e  the light intensities with polarization 
vector paral le l  and perpendicular t o  the beam ax is ,  
respectively. F o r  a perpendicular foil and viewing 
perpendicular t o  the beam ax is ,  M / I  i s  specified" 
in t e r m s  of the alignment parameter  A:' , and for  
the 2s 'S - 3p 'P  t ransi t ion i s  
where 
A?' =(3L;  - L ~ ) / L ( L + ~ ) .  
Polarization measurements  were  c a r r i e d  out p r i -  
mari ly  fo r  the 2s 'S -3p 'P transition in He I f o r  
incident He' energies  ranging f rom 50 to 500 keV; 
the energy range 60-180 keV was investigated us -  
ing the University of Chicago acce le ra tor ,  the 
range 100-425 keV usi :~g the  University of Toledo 
Van de Graaff acce le ra tor ,  and higher energies  
with the Argonne National Laboratory dynamitron. 
Polarization measurements  were  c a r r i e d  out i n  
Chicago and Argonne using a retardat ion plate r o -  
tated by a stepping motor followed by a fixed l inear  
polar izer ,  and in Toledo using a s imi la r  sys tem 
employing a rotating p ~ l a r o i d . ~  Foi l  holders of 
markedly different mechanical,  e lectr ical ,  and 
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FIG. 1. Linear polari- 
zation ( M / I )  of the 5016-A, 
2s 's-3p ' P  He I transition 
excited by a 5 *l-y.gcm-' 
carbon foil a s  a function of 
ion-beam current. The ion 
energy is  110 keV. 
BEAM CURRENT ( uA ) 
2 4 6 8 10 12 14 
1 L I 1 I 1 I I I 1  1 I 
I I 1 1 I I I I r 
10 20 30 40 
thermal properties were employed in the different 
experiments. Measurements were carried out us- 
ing beams of different cross-sectional areas  (& 
and i in. diameter). Normalization was per- 
formedboth to total beam current and total light inten- 
sity collected by an optical fiber bundle at a fixed 
distance from the foil. Agreement between the two 
sets of measurement in the region of overlap (100- 
180 keV) was excellent (see below). 
111. RESULTS 
Figure 1 illustrates the principal result obtained 
in this investigation: the dependence of ,W/I  upon 
INCIDENT 
ion current density j for constant foil thickness. 
The figure shows a clear increase in M / I  with j 
whichis more markedat some energies than others. 
In order to investigate this energy dependence more 
quantitatively, we approximate thB variation of the 
data with j at each energy by a linear dependence 
(adequate within the statistical accuracy attained 
at al l  energies) and parametrize the ra te  of j de- 
pendence of the polarization fraction M/I by the 
slope of this curve, S , (E ) for each ion energy E . 
Figure 2 then displays the complicated energy de- 
pendence of S ,  . In the energy range studied, there 
a re  two maxima, one at approximately 100 keV and 
ION ENERGY ( keV ) 
FIG. 2.  Rate of change 
of linear polarization with 
beam-current density S, ( E )  
as  a function of the He+ ion 
energy, for the 5016-A, 
2 s  IS-3p ' P  He I transition, 
excited by a 6 ~ 1 - y . g  cmm2 
carbon foil. The closed 
circles (a) a r e  measure- 
ments a t  Toledo (100-430 
keV); the open circles 
(0) a r e  measurements at  
Chicago (50-200 keV) and 
Argonne (500 keV). 
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FIG. 3. Linear polari- 
zation fraction ( M / I )  of 
the 5016-A, 2 s  IS-3p ' P  
He I transition, excited 
by a 6 & l-pg carbon 
foil, as a function of ion 
energy. The closed cir- 
cles (0) are from mea- 
surements made at beam 
current densities of 31 
~ g c m - ~ .  The open cir- 
cles (b) are extrapola- 
tions of our il/I/I mea- 
surements to zero beam 
current. 
a second near  400 keV. L e s s  extensive m e a s y e -  
ments  fo r  the 2p 'P-4d t ransi t ion a t  4922 A 
show a s imi la r  J dependence of M/12 while mea-  
surements  f o r  2s  3~ -3p 3~ a t  3889 A show no such 
variations. 
F r o m  the  data  described it  is possible t o  con- 
s t ruc t  curves  showing the  dependence of M/I upon 
incident ion energy a t  constant beam-current  den- 
s i ty  and foil thickness. T h e  resu l t s  fo r  t h e  2s 'S - 
3p 'P t ransi t ion i n  He1 for  beam cur ren t  density 
extrapolated t o  z e r o  and f o r  j = 3 1  yA/cm2 a r e  p re -  
sented i n  Fig. 3. The confusion in interpretation 
of such  measurements  which can be caused by the 
current-densi ty dependence is obvious and perhaps 
explains the discrepancy between these resu l t s  and 
e a r l i e r   investigation^.^ 
We have a l s o  investigated the beam-curreat  de- 
pendence of the alignment of the Ne I1 3568-A, 3s" 
2~, , , -3p '  'F,,,  t ransi t ion with thin carbon foil ex- 
citation a t  ion energies  between 0.6 and 1.2 MeV. 
Figure 4 shows that within the s m a l l  cur ren t  range 
of 0.2-2.0 pA(1 - 10 pAcm-'), no variations out- 
s ide  s ta t i s t i cs  i n M / I  couldbe detected, andS,(E) = O .  
Inaddition, we car r iedout  measurements  of M/I a t  
constant incident-ion energy f o r  a variety of foil  
thicknesses  between4 and 22 y g/cm2. Significant 
changes in  M / I  were  observed. However, within 
the s tat is t ical  accuracy  of these measurements ,  
the observed charges can  essent ial ly  b e  explained 
a s  effects due t o  the decrease  in  energy of the 
emergentbeam with increasing foil thickness, in 
accord  with a n  assumption of excitation equilibri- 
um. 
IV. DISCUSSION 
Since the origin of the alignment produced in the  
ion-foil interaction is not yet understood, it is e s -  
pecially difficult t o  establ ish the origin of the 
s m a l l  changes in  alignment with variat ion of beam 
cur ren t  density reported here .  Nevertheless, i t  is 
important to  discuss  possible  causes  in  the hope 
0.04 1 .a MeV 
0.8 MeV 
2 0.04 
BEAM CURRENT ( U/O FOIL ) - 3/16 " 0 
FIG. 4. Linear polarization fraction ( M / I )  of the 
3568-A Ne I1 3s' ~ , ~ ~ = 3 p ' F , ~ ~  transition excited by a 
5 a2-p g carbon foil at ion energies of 0.6-1.2 MeV 
and beam currents of 0.5-2.0 A ( j  = 3 - 1 0 p ~ c m ' ~ ) .  
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that th i s  will suggest a bet ter  understanding of the 
basic  phenomenon. It is helpful t o  divide the pro- 
posed mechanisms into microscopic and macro-  
scopic effects.  
A. Microscopic effects A 
We consider f i r s t  possible variations in align- 
ment with direct  interpart ic le  interactions in the 
beam. The average separat ion of part ic les  (d) in 
the ion beam i s  determined from{& = ( q ~ / j ) ' / ~ .  
F o r  a beam velocity v, ion charge q ,  and ion c u r -  
ent density j ,  typical parameters  (v = 2.2 x 10' 
c m  s-l and j = 10 pA cm-2 ) give a value ( d )  = 0.14 mm. 
Thus, direct  interpart ic le  interactions s e e m  ruled 
out. On the other  hand, indirect interactions a r e  
a l s o  possible. F o r  example, each ion t ravers ing  
the foil c r e a t e s  a wake13 o r  screening charge lag- 
ging behind the ion. Recently, Vager and Gemmell14 
have been able to  probe experimentally the shape 
and depth of the wake potential in  observing molec- 
ular  breakup in thin carbon foils.  This  polarization 
of the mate r ia l  will decay in t i m e s  on the order  of 
the inverse plasma frequency w, : that i s ,  in about 
10-l4 s. The t ime between successive ions passing 
through a cross-sect ional  a r e a  A is 2' = (q/jA). 
Considering the wake to have a width of 50 A (prob- 
ably a n  upper limit14), we find that T = 0.06 s f o r  
a cur ren t  density of 10 pA cm-'. It is therefore al-  
s o  unlikely that a second beam particle can inter-  
act  via th i s  indirect mechanism. Similar ly,  dis-  
persion of the "wake" polarization a t  the final s u r -  
face will occur  in  about the s a m e  t ime ,  -10-l4 s ,  
and the electr ic  field o r  e lectron density at the s u r -  
face, which will affect the final sur face  interaction 
with the beam ions, should be relatively indepen- 
dent of previous ion-induced sur face  polarization. 
Trubnikov and ~ a b l i n s k i i "  investigated the pick- 
up of conduction electrons by the moving ion a s  it 
leaves the surface.  However, Cross" has pointed 
out that the theoretical model used has an unreal-  
is t ic  cutoff in  the conduction-electron distribution 
which leads to  the wrong velocity dependence of the 
electron capture probability and a l so  neglects elec- 
t ron  capture f rom target  a tom c o r e s  in the surface.  
Nonetheless, Schrijder and Kupferg have used the 
model of Ref. 1 5  t o  derive the alignment and orien-  
tation p a r a m e t e r s  of the hydrogen 2p s ta te  pro-  
duced in such a n  electron capture at  a til ted s u r -  
face.  We Have extracted f rom these calculations 
a n  expression f o r  the l inear  polarization (~M/I) of 
a p state ,  excited in  our perpendicular foil geom- 
e t ry :  
where 
E q = -  1 
4E, l + n ( E f , E , , W )  ' 
E, is the F e r m i  energy, E ,  is the mean energy of 
a foil e lectron a s  viewed from the moving ion, and 
n(E, , E , ,  W) i s  a complex function of these energies  
and the work function W of the mater ial ,  which 
var ies  relatively slowly. E, var ies  monotonically 
with ion energy, and th i s  formula a s  it s tands will  
not give r i s e  t o  the oscillatory variations in  M/I 
o r  S j  (E) .  
E ,  might be considered a s  a parameter ,  o r  ef- 
fective F e r m i  energy, which is changed by in- 
c reased  ion current  by, for  example, increased 
secondary-electron production. Secondary elec-  
t rons  slowing down in the target  can take suffi- 
ciently long t o  reach  the final surface t o  change 
the p a r a m e t e r s  at  the sur face  during excitation of 
a second ion. 
A str iking feature of our  observations of M/I 
and S, (E)  is their  oscillatory behavior with ion en- 
ergy.  Oscillations in c r o s s  sect ions have been ob- 
se rved  in ion-atom collisions at  much lower energy 
due t o  quantum-mechanical interference in  the 
quasimolecular ion-atom system.17 The oscil- 
lations, whose frequencies a r e  proportional t o  l /v ,  
have a l s o  been observed in the charge s ta te  f rac -  
tions N+/P in ion-surface collisions at  ion ener -  
gies  1-10 keV. Tolk e t  u 1." postulate interfer-  
ences in a quasimolecular s ta te  formed between 
the surface and the exiting atom. Unlike the ion- 
atom collision in which specific molecular levels  
can be used to est imate the phase interference,  the 
appropriate  levels in  the ion-solid interaction must 
be inferred from the experimental values of the 
oscillation frequencies. 
Although polarization effects have not previously 
been measured in the ion-surface interaction, the 
ion-atom collisions show that the l / v  oscillations 
occur  most strongly in  the paral le l  component of 
polarized light emitted f rom the excited a toms ,  but 
with l a rge  oscillations a l s o  in  the polar izat ionfrac-  
tion i~1/1. It is thus tempting to compare our ob- 
se rved  oscillation in M/I with the ion-surface os-  
cillations. If we assume two maxima a t  100 and 
400 keV energy, we can evaluate the phase inte- 
gral" 
where v,, v, a r e  ion velocities, h is Planck's con- 
stant and (ER) is the integral developed in the po- 
tential difference of two energy levels  fo r  inter-  
nuclear separation: R .  By substitution, we find a 
value (ER) = 34 eV A ,  w h i c t  compares reasonably 
with values of about 20 eVA found f rom ion-sur- 
face charge s ta te  oscillations.'' However, fu r ther  
maxima in M/I should then occur  at  lower velocities, 
but none have been observed down to ion energ ies  
of 1 5  keV [Tolk and B e r r y  (unpublished)]. Other 
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processes  such a s  electron pickup may dominate 
IM/I production a t  these lower energies .  It is dif- 
ficult t o  assoc ia te  the oscillations in  S,(E) directly 
with this  "Rosenthal" mechanism. 
B. Macroscopic effects 
The  change in the l inear  polarization with beam 
cur ren t  might be  due t o  s t ruc tura l  changes in the 
foil. However, we then observe that these changes 
must be reversible ,  s ince the M/I values mea- 
s u r e d  a r e  independent of previous bombardment 
cur ren ts .  The changes might be of two types: a 
change in the s t ruc ture  of the foil i tself,  fo r  ex- 
ample, f r o m  a change of t empera ture  ( see  below) 
o r  a change in the sur face  f r o m  changes i n  de- 
position and evaporation r a t e s .  In our  vacuum of 
5 x T o r r ,  hydrocarbon buildup a t  the final 
sur face  is "cracked" by the ion-beam causing foil 
thickening a t  low beam cur ren ts .  However, we 
have observedL0 that this  buildup r a t e  i s  slow, with 
thicknesses  sufficient to  change M/I af te r  excita- 
tion by Au and Ag foils accumulating in t i m e s  of 
100-2000 s. No changes in M/I a r e  found during 
a buildup on carbon foils.  Nor i s  such a slow tem- 
poral  change in M/I observed when changing the 
beam cur ren t  density. The changes occur  within 
our  t ime  resolution of about 50 s. Such reversible  
s t ruc tura l  changes do not s e e m  able to  explain the 
variat ion of M/I with beam cur ren t .  
The foil t empera ture  increases  with increasing 
beam cur ren t .  Also, increasing the foil thickness 
produces more  energy loss  in the foil and a con- 
sequent increase  in  t empera ture .  We find that the 
energy deposited in the foil is lost radiatively a t  
the sur faces ,  except fo r  low beam cur ren ts  ( l ess  
equilibrium is determined by a balance between en-  
e rgy  loss  by the ion beam in the foil and heat dis-  
sipation mechanisms requi res  that identical 
changes in M/I resul t  f r o m  identical changes in A E ,  
the energy l o s s  in  the foil. However, f o r  example, 
a t  100 keV, - d E / d x  is monotonically increasinglg 
and a s m a l l  inc rease  in  the beam energy and a c o r -  
responding increase  in the foil thickness  should 
have identical effects upon M/I. This  is in marked 
contrast  with the data, suggesting that a s imple  
temperature change, regard less  of how it affects  
the ,W/I production, i s  not cor re la ted  with the ob- 
se rved  energy variation of S,(E). 
V. CONCLUSIONS 
We have measured the alignment of the 3p 'P 
s ta te  of He1 by observing the l i n e ~ r  polarization 
.W/I of i t s  decay t o  2s 'S at  5016 A af te r  excitation 
by thin carbon foils.  We demonstrate  that the align- 
ment is a s t rong  function of beam energy, showing 
oscillation, which we suggest might be due to  quasi- 
molecular ion-surface Rosenthal-type in te r fe r -  
ences. We cannot explain our  observed variat ions 
of M/I with beam cur ren t  density S,(E). This  pa- 
r a m e t e r  a l s o  shows oscillations with ion energy. We 
have discussed above some possible causes  of these  
variations. 
Similar  p o l a r i z a t i y  variat ions S, (E) a r e  a l s o  ob- 
se rved  f o r  the 4922-A 2p 'P-4d 'D t ransi t ion of He I, 
but no beam-curreni-densit y variation (S,) could be  
found for  the 3889 A 2s 3S-3p 3PHeI t ransi t ions at  
energies  between 80 and 180 keV, nor f o r  the 
3568-A 3s' 2 ~ , 1 2 - 3 p '  F ,  ,,Ne II t ransi t ion between 
energies  of 0.6 and 1.2 MeV. 
than 1 pA f o r  a 5-pg/cm2 foil) where conduction 
losses  become important.  We have measured a ACKNOWLEDGMENTS 
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